Yale University

EliScholar – A Digital Platform for Scholarly Publishing at Yale
Yale Medicine Thesis Digital Library

School of Medicine

1976

The effects of antral exclusion on compensatory
hypertrophy of the gut
Alfredo L. Axtmayer
Yale University

Follow this and additional works at: http://elischolar.library.yale.edu/ymtdl
Recommended Citation
Axtmayer, Alfredo L., "The effects of antral exclusion on compensatory hypertrophy of the gut" (1976). Yale Medicine Thesis Digital
Library. 2369.
http://elischolar.library.yale.edu/ymtdl/2369

This Open Access Thesis is brought to you for free and open access by the School of Medicine at EliScholar – A Digital Platform for Scholarly
Publishing at Yale. It has been accepted for inclusion in Yale Medicine Thesis Digital Library by an authorized administrator of EliScholar – A Digital
Platform for Scholarly Publishing at Yale. For more information, please contact elischolar@yale.edu.

YALE

MEDICAL LIBRARY

MEDICAL LIBRARY

Digitized by the Internet Archive
in 2017 with funding from
The National Endowment for the Humanities and the Arcadia Fund

https://archive.org/details/effectsofantraleOOaxtm

THE EFFECTS OF ANTRAL EXCLUSION ON
COMPENSATORY HYPERTROPHY OF THE GUT

Alfredo L. Axtmayer, B.A., Yale University, 1972

Presented to the faculty in partial fulfillment of
the requirements for the degree of Doctor of Medicine,
Yale University School

of Medicine.

Permission for photocopying or microfilming of "

(TITLE OF THESIS)
-

-//?-WTtfu

for the purpose of individual scholarly consultation or reference is hereby
granted by the author.

This permission is not to be interpreted as affect¬

ing publication of this work or otherwise placing it in the public domain,
and the author reserves all rights of ownership guaranteed under common
law protection of unpublished manuscripts.

ACKNOWLEDGEMENT

To Dr. M. David Til son, who was much more than an
academic advisor throughout this endeavor, a word
of gratitude not only for the teaching but also for
the advice and encouragement (often needed) that was
always at hand;
AND ESPECIALLY TO MY PARENTS, who not only made this
all possible, but by their example helped make it
probable.

CONTENTS
Page
INTRODUCTION
CHAPTER

I

MORPHOLOGICAL AND FUNCTIONAL CHANGES

CHAPTER

II

THE INDUCTION OF COMPENSATORY HYPERTROPHY

16

CHAPTER

III

EXPERIMENTAL DATA

30

CHAPTER IV

DISCUSSION AND CONCLUSIONS:

A COMBINED THEORY

3

40

FOOTNOTES

44

BIBLIOGRAPHY

44

INTRODUCTION

One of the most remarkable characteristics of biological living
systems is the ability to maintain a constancy of their internal environment
and morphology (homeostasis), despite a great variety of changes in their
surroundings or drastic alterations brought about by the exoerimental
biologist.^ Adaptation - this ability to "change the function or constitution of an organ or tissue to meet new conditions"

yq

- is an attempt to

ensure the survival of the organism under new conditions in a compensated
state.
Compensatory growth encompasses a wide variety of biological phenomena
occurring under conditions of loss or partial ablation of an organ or
tissue.

Goss makes a clear distinction between the compensatory process

occurring at the cellular level and at the tissue or organ level.

At the

cellular level compensation occurs by one of two basic processes:

increasing

the number of cells (hyperplasia) or enlargement of the pre-existing cells
(hypertrophy).

When the functional unit of a tissue or organ is the indi¬

vidual cell, i.e. the red blood cell, the replacement of lost parts (from
hemorrhage or hemolysis) proceeds by a process of cellular hyperplasia.
This is characteristic of tissues that constantly renew themselves.

Other

tissues, however, are incapable of mitosis, and must replace losses by
cellular hypertrophy, as in the case of skeletal or cardiac muscle.

Still

other organs or tissues are composed of functional units that are not
ordinarily replicable after maturity, as is the case with the kidney.
Replacement of lost nephrous is compensated by cellular hyperplasia in the
remaining nephrous, resulting in their enlargement or hypertrophy.

It can

2

thus be said at the level of an organ or tissue that there has been hyper¬
trophy, meaning enlargement of the pre-existing functional units, by a
process of cellular hyperplasia,

14-

not cellular hypertrophy.

Adaptational changes are known to occur in the gastrointestinal tract
of man and other animals following small bowel resection.

Since this

phenomenon was described by Flint in 1912 it has been called "compensatory
hypertrophy"

26

of the small bowel, not because of the finding of cel 1ular

enlargement, but because of villus enlargement secondary to cellular hyper¬
plasia, the villus being the functional unit of the gut.94
Whether the morphological changes in the small bowel (cellular hyper¬
plasia and villus hypertrophy) are the basis for the process of functional
adaptation that is observed, or whether there develops an increased caoacity
for absorption by the individual cell, is a controversy still under investigation, with support for both viewpoints.

85

Although there is a large volume of knowledge in the field, the
stimulus for compensatory hypertrophy is still unknown.
merit strong consideration.

Several hypotheses

In brief, they can be divided into those that

postulate the induction of compensatory hypertrophy to be the result of
intraluminal factors, whether it be the ingested food or the pancreatobiliary secretions, and the other group of hypotheses which adcribe the
induction of villous hypertrophy to systemic 'hormonal' factors that
regulate tissue growth.

The latter group of hypotheses is in accord with

the functional demand theory of growth regulation, which hypothesizes that
growth is initiated by feedback mechanisms that respond to the need of the
organism for increased function.

34
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CHAPTER

I:

MORPHOLOGICAL AND FUNCTIONAL CHANGES

It is impossible to understand the nature and extent of the morpholo¬
gical and functional adaptive processes of the small intestine without
knowledge of the basic structural and functional capacities of the organ.
It is a hollow, tubular viscus consisting of three segments; duodenum,
jejunum and ileum, which share the same basic organization.
The luminal surface of this organ consists of a mucous membrane whose
surface area is greatly increased by visible folds (plicae circulares)
and millions of finger-like processes, the intestinal villi.

Between the

bases of adjacent villi are the openings of the crypts of Lieberkuhn.

The

epithelium covering the mucosal membrane is of the simple columnar type and
has three cell types:
argentaffin cells.

columnar absorptive (enterocytes), goblet cells and

These cells arise from relatively undifferentiated

cells found in the crypts.

Beneath the epithelial cell layer are the

lamina propia and muscularis mucosae, then surrounding this layer is the
submucosa (with Brunner's glands in the duodenum), the external muscular coat,
and the serosal layer.^
The columnar absorptive cells lining the villus are the essential
constituents of this functional unit.

They have been shown to originate

from mitosis of undifferentiated cells in the crypts and to migrate along
the sides of the villus to be extruded at the tip into the intestinal lumen,
the process from cell division to extension at the tip (epithelial cell
turnover) lasting a variable length of time between species, but being
relatively constant for a given species.35

Villous height has been found

to vary according to the proximity of the intestinal segment to the

duodenum, those villi in the jejunum beinq siqnificantly taller than those
in the ileum, with a gradient in villous size which decreases from proximal.
2
to distal small intestine.
The cell membrane of intestinal epithelial cells is composed of many,
closely packed cylindrical microvilli which are essentially extensions of
"7

the plasmalemma.

This in turn is covered by a mucopolysaccharide layer/

It is believed that many of the enzymes involved in digestion and absorption
of foodstuffs are located in this brush border in the apical cytoplasm of
the enterocytes, and it is also thought that as the cells mature and migrate
up the villus, there is a maturation process in the microvilli,

with

regards to their digestive and absorptive capacity.
Intestinal digestion is also a highly specialized process which is
affected by the secretions of many organs of and along the digestive tract.
The secretions of these organs and gastrointestinal motility are in turn
under the influence of blood-borne chemical mediators (hormones) which
have a complex variety of effects and interactions, including perhaps the
maintenance of the integrity of the gastrointestinal tract.

TABLE

I
A catalog of actions of four hormones The number in the body of the
table refer to literature citations listed at the end of the tabic. References selected
are examples, not necessarily the first report of the action. The symbols have the
following meanings: t stimulates, 1 inhibits, O no effect, NT not tested.

Water-electrolyte secretion
Stomach
Pancreas
Liver
Brunner’s glands
Water-electrolyte absorption
Ileum
Gallbladder
En/.yme secretion
Stomach
Pancreas
Endocrine secretion
Secretin
Gastrin
Insulin
Glucagon
Smooth muscle
Lower esophageal sphincter
Stomach
Intestine
Ileo-cecal sphincter
Gallbladder
Sphincter of Oddi
Uterus
Histamine metabolism
Release of histamin
Histidine decarboxylase
Amino acid uptake
Gastric mucosa
Pancreas
Growth
Gastric mucosa
Pancreas
Metabolic
Lipolysis
Glycogenolysis
Heart
Rate
Stroke volume
Blood flow
Superior mesenteric artery
Hepatic artery
f emoral artery
Gastric mucosal
PancreaticSmall intestine

GASTRIN

CCK

SECRETIN

GLUCAGON

t1

tjr

T2

l9
T'o

i'4

t2
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t23
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I32
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I10
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*30
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|3 7
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j.3 9
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NT

NT

NT

t38

O38

NT

NT

t42

O’2

NT

|4 3

O41

o41

Cf'

o41

NT
NT

NT
NT

+44

|4 7

NT
NT

NT
NT
NT

f4 5
t46

NT
O43
t4 1

NT
NT
NT
NT
NT
NT

Q41

t4'
|4 1

t4 7

f 50

|4 7

|5 0

l47

Is 1

i47
t47

,48

I49
-j.4 8

r47

t47

|4 4

l28

r51

i52

i53

NT
| 54
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Besides the propulsion of foodstuffs and completion of the process of
digestion, the small intestine is responsible for the absorption of all
body fluids and solutes, a function which has been shown to be highly
specific and sophisticated even in the case of simple sugars and electro¬
lytes."*^

Substances of low molecular weight and high lipid and water

solubility are generally absorbed in the proximal intestine by passive
diffusion down a concentration gradient, although the entire length of the
gastrointestinal tract has this capacity for absorption.

Water is generally

absorbed by osmosis, but at times it may be necessary to actively transport
a solute in order to create a favorable gradient.

®

Other substances

depend on energy consuming active transport against a concentration qradient
for their absorption.

Such highly specific systems have been shown to be

involved in the transport of many essential substances, at times preferentially in specific sites along the small intestine.

TABLE

15

II

Simple sugars (glucose, fructose)
Electrolytes (sodium, potassium, chloride, iron, calcium)
Amino acids
Fatty acids
Pyrimidines
Bile salts and cholesterol
Vitamin B-|2
Folic acid

FIGURE

7

1
.—Localized intestinal transport systems. Enzy me systems necessary for
the transport of calcium, vitamin B.j and biie salts are preferentially located in
specific segments of the bowel. Loss of these segments causes permanent mal¬
absorption of these substances. In addition, maximum enzyme activity for other
transport systems may be regionally localized (e.g., sodium, glucose). Loss of
these areas causes temporary malabsorption until other areas of the bowel adapt
to serve their function.
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The absorption of fat is an excellent example of the highly specialized
processes that can be involved in intestinal absorptive function.

It is

dependent on emulsification of water-insoluble triglycerides, cleavage by
pancreatic lipase and the solubilization of the monoglycerides by bile
salts, with resultant micelle formation and absorption by enterocytes.
Within these cells there is enzymatic re-esterification of triglycerides
and formation of cholymicrons in the final absorptive step.
are in turn specifically reabsorbed in the ileum.

The bile salts

^

Small bowel resection is a major insult to this closely attuned and
sophisticated system.

Compensatory hypertrophy of the gut consists of a

8

wide variety of functional and morphological changes, but it is primarily
characterized by villous hypertrophy.

Adaptation at the Tissue Level

There is a vast array of experimental knowledae in support of this
phenomenon, but a lot of controversy still exists as to the exact nature
of the adaptive process.

When Flint (1912)

described compensatory hyper¬

trophy from his experimental work with dogs he stressed that "the villi had
naturally not increased in number, but had simply increased in size."^

Fig. 4.—Section of the intestine
removed from Dog No. 2, taken from
the stomach end of the resected
portion in the first operation.

Fm. 5. —Section
of
the
mucosa
taken trom the duodenal side of tin.*
upper miIiiic in Dog No. 2; that i>
to say, from the same region of ihc
intact intestine as the section shown
in Fig. 4

116
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He was attempting to disprove previous reports by Monari (1896) that
there is an increase in the number of villi following small bowel resection.
Flint also studied the morphological changes'

associated with small bowel

bypass, and stated that "the functional segment is seen markedly hypertrophied while the short-circuited portion appears about one-half its size."-0
He believed, however, that the differences in villous size were not due to
atrophy of the villi in the defunctionalized segment, but rather to hyper¬
trophy of those villi in the functioning bowel.

Moreover, he did not find

morphological changes of the individual cells, and also noted a greater
amount of compensatory changes in the upper as opposed to the lower bowel.
In terms of functional adaptation, Flint noted an increased fecal
amount of carbohydrates, fats and nitrogenous products after surgery, but
which decreased as the compensatory adaptation took place, as long as the
capacity of the bowel for change was not exceeded by too large a resection.
He believed that "the diminished absorption of fats, nitrogenous substances,
and carbohydrates causes a proliteration of the intestinal mucosa, and at
the same time of the other coats of the intestine.
The remarkable thing about this experimentation in 1912 is that in its
rudimentary fashion (by today's standards) it touched upon all the major
issues that have continued to baffle and intrigue the experimental biologist
to the present day.

Is the compensatory process one of cellular hyperplasia

or cellular hypertrophy?
simply get larger?
tive capacity:

Does the number of villi increase or do they

What is the precise mechanism of the increased absorp¬

increased surface area for absorption, or an increased

capacity of the individual cell for absorption?
of the increased numbers of cells?

Or is it simply a question

Finally, what is the stimulus that

10

induces the small intestine to adapt?

Is it local, intraluminal factors

or is the need for increased absorptive function communicated to the
intestine by means of systemic mediators?
Only a handfull of experimenters in the field have denied the develop¬
ment of morphological changes in the intestinal remnant after resection.
Trzebicky^ only found a dilatation of the remaining bowel, and Porus

(1 965)

did not find an increased villous heighth in peroral biopsy specimens of
76
human subjects who had undergone up to 80 percent small bowel resection. '
He found, however, a marked increase in the number of cells per villus and
interpreted this to be the adaptive mechanism.

Bochkov (1958)

found an

increased number of villi (villous hyperplasia), but denied an increase in
their length or number of cells (cellular hyperplasia).

Dowling and Booth

(1967)^ and Nygaard (1967b)^ performed experiments that clearly demon¬
strated villous hypertrophy.

Nygaard described two distinct processes,

local hypertrophy near the site of the intestinal anastomosis, and diffuse
villous hypertrophy in the remainder of the bowel, characterized by cellular
hyperplasia.

He noted more rapid and pronounced changes after proximal

resection and found similar adaptive changes to occur after bypass opera¬
tions.

Dowling and Booth likewise found a greater degree of adaptive chanae

in the ileal remnant after proximal small bowel resection and furthermore
found villous hypertrophy in the ileum after jejuno-ileal transposition
without resection.

They postulated this to be secondary to the increased

absorptive function demanded of the ileal segment by exposure to an increased
load of intraluminal nutrients, both after transposition and proximal bowel
resection.

Other experimenters have confirmed these observations.^

With the advent of methods for studying epithelial cell turnover, the

11

question of whether there is cellular hyperplasia has become clarified.
LeBlond (1948) calculated the life-span of the ileal epithelial cell to be ‘
1.54 days (in the rat), and postulated a balanced rate of cellular
production in the crypts and cell loss from the tips of the villi.

55

Lansky, Dodd and Stahlgreen (1968) are the only experimenters that
have not
midine.
method.^

found an increased number of labeled cells using tritiated thy¬
They ascribed their results to the limits of accuracy of their
The other similar studies agree with Dowling and Gleeson (1973b)^

who clearly demonstrated that villous enlargement is secondary to cellular
hyperplasia, and furthermore showed it to be associated with an increased
rate of cellular migration from the crypts to the villous tips.

Cell turn¬

over, however, may not be shortened, because the more rapidly migrating
cells must travel a greater distance up the elongated villus.

They postu¬

late the establishment of a new steady state^ in the hypertrophied villous.
Since it is unlikely that the increased rate of cellular proliferation
in the crypts is due to a shortened mitotic time (it being so short to start
with), it has been postulated^ that the increased production of cells is
the result of resetting the level at which the migrating cell is still
capable of division.

Further understanding of the stimulus and the exact

mechanism involved in bringing about intestinal cellular hyperplasia will
undoubtedly yield valuable information about compensatory processes of the
small intestine.
Additional changes that have been described at the tissue level include
n

marked alterations of gastric acid secretion,

yo

gastrointestinal motility

and associated changes in the bacterial flora of the bowel.^

Fifty percent

distal resection results in a shortened transit time, whereas 75 percent

12

proximal resection is needed for similar changes to occur.

Ileal mucosal

blood flow has been shown to be significantly increased after proximal
resection, but jejunal blood flow remained at control levels after distal
resection.^

The exact significance of these changes is not well understood

at the present time, but they can significantly alter intestinal compensa¬
tory mechanism.

Gastric hypersecretion can injure the intestinal mucosa

and seriously impair absorption.

It also can inactivate lipase and trypsin

and cause malabsorption of fats and protein secondary to the inability of
the intestine to complete the digestion of these substances.

Furthermore,

the solute load of large amounts of gastric acid may result in diarrhea by
exceeding the intestinal capacity for its absorption.^

Bacterial over¬

growth secondary to changes in motility can lead to bile salt deconjugation
and malabsorption of fats;

it can also result in pernicious anemia from

bacterial metabolism of vitamin B-j2•

116

Adaptive Change at the Level of the Individual Cell

A combination of electron microscopic evidence and histochemical studies
has helped to gain some insight into the adaptive processes at the level
of the individual cell.

Whether functional compensation is the result of

an increased absorptive capacity of the individual cell or merely a reflec¬
tion of the increased number of cells is still an open guestion.
Enhanced absorption of foodstuffs has been shown for many substances
per unit length of intestine, both in the rat and in man,

20

but increased

absorptive capacity by the individual cell is still a controversial issue.
Gottlieb, Robertson and Zamcheck (1962) postulate that with the increased

13

rate of cellular migration after resection there is some degree of cellular
immaturity which they believe is associated with "immaturity" of the
enzyme systems localized in the epithelial cell brush border.
contention is supported by Dowling (1973a).

This

20

Experimental evidence suggests that some of the highly specialized
active transport systems of the gut are associated with ultrastructural
93
loci in the intestinal epithelial cell."
Adaptive changes in these enzyme systems might be reflected by compen¬
satory hypertrophy at the level of subcellular organelles, as has been
suggested by Tilson and Wright (1972)Wildegans (1925) was the first to
suggest that the individual cell might be capable of such increases in its
qo

transport activity.
Skala and Konradova (1969) found no electron microscopic evidence of
alterations in the structure of the microvilli three weeks after experiJO

mental small bowel resection,

and Dowling and Booth (1967) reported no

increases in histochemical mucosal enzyme activity.

19

Recent studies by

Weser and Po (1975) have shown no evidence of increased intestinal disaccharidase activity (lactase, sucrase, maltase) per gram of tissue protein
of mucosal homogenates

but previous studies by Young and Weser (1974)

reported increased mucosal brush border enzymes.
have found similar conflicting evidence.

119

Other investigators

Tilson and Wright (1972) reported

a significant increase in the height of epithelial cell microvilli after
small bowel resection in the rat, and went on to suggest that this might
be a reflection of compensatory hypertrophy at the level of subcellular
organelles associated with active transport of sodium (localized to the
lateral cell border).

They have also reported increased Na-K-ATPase

14

activity in ileal mucosal homogenates after resection or transposition of
OO

the proximal small bowel ,
sodium transportJ ^

associated with increased unidirectional active

Til son. Bury and Wright (1971) reported increased

activity of esterase in ileal mucosa after jejunectomy.
(1974) have confirmed these findings.^

89

Oya and Weser

Rodgers and Bocheneck (1970) found

increased lipid re-esterifying enzyme activity after jejunal resection or
bypass, and postulated this could be the result of enzyme induction by the
higher intraluminal substrate concentrations that reach the mucosal cell
after proximal resection or bypass,^

an analogous situation to the

increased absorptive enzyme concentration associated with high bulk feeding
1o

in the rat.

The major objection to the studies that report increased

enzyme activity as the basis for functional adaptation at the individual
cell level is that their results have all been expressed in terms of milli¬
grams of tissue protein.

Because of the cellular hyperplasia seen in

intestinal adaptation, these measurements will not accurately reflect
adaptation at the level of the individual cell until they are expressed in
terms of milligrams of tissue DNA.^
The degree to which the absorptive capacity of the intestine is impaired
is closely correlated with the extent and location of the resected segment.
Loss of localized active transport systems (as with resection of the distal
ileum where vitamin B^ is selectively absorbed) will not be adequately
compensated despite villous hypertrophy, and will eventually result in
pernicious anemia.

Distal ileal resection also affects the absorption of

fat, protein and carbohydrates by eliminating the preferential site for
active transport of bile salts (as part of the enterohepatic circulation).
This eventually results in a decrease in the total bile salt pool and

15

subsequent fat malabsorption even though fats can be normally absorbed by
the jejunum.

Furthermore, it can cause diarrhea by nature of its irritant •

effects on the colonic mucosa.

Finally, if an active transport system is

distributed throughout the entire small bowel, it is likely to offset the
effects of resection by increasing its transport capacity, and absorption
of the substance will in all

likelyhood not be affected, providing its

digestion is not altered by the intestinal resection.

This type of system,

however, can become saturated after major resections (70-80°4) whereas
passive transport processes do not become saturated.

This is an unfortunate

situation since proteins, carbohydrates and electrolytes depend on active
I *1 C

transport systems for their absorption.

16

CHAPTER

II:

THE INDUCTION OF COMPENSATORY HYPERTROPHY

Since Flint's descriptions in 1912 the experimental biologist has
slowly gained a lot of knowledge and insight into the phenomenon of compen¬
satory hypertrophy of the gut.

Over the course of many years, two seemingly

irreconciliable theoretical models have been developed in an attempt to
elucidate the factor or factors that induce the small bowel to adapt to
intestinal resection.^

FIGURE

3
j

—Theories of compensatory hypertrophy may be divided
into intraluminal and hormonal models, and each of these hypothe¬
ses has two subdivisions.

17

The first group of theories postulate that compensatory hypertrophy
of the gut results from the exposure of the bowel

(after resection or

transposition) to a larger concentration of intraluminal factors in its
new milieu.

The functional and morphologic changes that have previously

been described are effected by a mechanism of "work hypertrophy", i.e.
increased absorptive work results in morphological adaptive changes, notably
villous hypertrophy.

The possibility that the changes are effected by endo¬

genously released intraluminal facotrs is an integral component of this
group of theories.
The alternative group of theories is based on the postulate by Goss
(1964)-^ that the increased demand for function, rather than the increased
function itself, is the stimulus for adaptive changes,^ which is communi¬
cated to the gut by chemical mediators (hormones) that stimulate intestinal
growth.

Intraluminal Theories

Rats fed a high bulk diet (50% talc2^ or 3:1 of powdered Kaolin)q have
been found not only to ingest greater quantities,but also to develop dila¬
tation and hypertrophy of the small intestine.

Friedman (1953) postulated

the increased mechanical work of the bowel to be the causative factor of
the resulting changes,^ and Booth, et al

(1957) went on to postulate a

similar mechanism in order to explain compensatory hypertroohy of the distal
bowel after proximal resection, since they did not find hypertrophy of the
proximal bowel after distal resection.

9

Nygaard (1967b)

71

also raised the

question of the role played in the induction of hypertrophy by the larger

18

volumes of chyme reaching the distal intestine, but numerous other investi¬
gators did not find dietary bulk to be an important factor,24,45,19 an(j
have instead implicated an increased concentration of intraluminal nutri¬
tional elements as the basis for adaptive changes.
A wide variety of experimental interventions have been utilized in
order to produce increased nutritional intake in the rat.

Tepperman, et al

(1943) produced hyperphagia in the rat by symmetrical hypothalamic lesions
and reported an associated hypertrophy of the gastrointestinal tract by
weight.^

Experimental alloxan-diabetes was produced in rats in the inves¬

tigations of Jervis and Levin (1966) who found almost a tripling of dietary
intake associated with histological evidence of intestinal hypertrophy,
despite the generalized stunting of growth of the diabetic rats.4^

The

intermittent starvation to which Fabry and Kujalova (I960)22 subjected
experimental rats resulted in intestinal hypertrophy.

Lactation was found

to be associated with markedly increased nutritional intake accompanied by
the development of marked intestinal hypertrophy (Fell, Smith and Campbell,
1963).24
Further support for the intraluminal nutrient theory comes from Gleeson,
Cullen and Dowling (1972) who investigated the effects of proximal and
distal small bowel by-pass using Thiry-Vella fistulae (segments of jejunum
or ileum excluded from intestinal continuity and draining through the
abdominal wall).

They noted narrowing and atrophy of both jejunal and ileal

segments excluded from intestinal continuity, with hypoplastic mucosa that
had apparently regressed to a fetal type of villous pattern and which had
diminished epithelial cell migration and turnover rates, associated with
diminished in vivo glucose absorption.

The intestinal segments in contin-

19

uity showed villous hypertrophy and increased absorptive function, similar
to the changes observed after small bowel resection.

These investigators

also noted hypertrophic changes in ileal segments transposed proximally
and theorized that intraluminal nutrition was involved in the regulation
of mucosal growth, villous morphology and absorptive function of the small
bowel.32

They postulated that villous morphology and function in the ileum

represents a basal level for the intestine since they are normally exposed
to relatively little nutrients in the intestinal chyme (because of proximal
absorption) and do a minimum of absorptive "work".

In transposition of

intestinal segments or proximal resection there is a resultant increase in
intraluminal nutrient concentration and absorptive work, resulting in
3?

increased ileal cell turnover, hyperplasia and villous hypertrophy.

This

1 ft
theory of "work hypertrophy" has been supported by Dowling and Booth (1966)1°
Dowling and Gleeson (1 973b)

and Young and Weser (1974)

Two independent groups of investigators have found conflicting evidence
which has resulted in serious theoretical objections to the intraluminal
nutrition theory.

Wilmore and Dudrick (1969) performed massive small bowel

resections on two groups of puppies.

They maintained one group on a normal

kennel diet and the other on 30 days of total intravenous alimentation, and
showed significantly increased survival rate, increased mucosal cellularity,
marked villous hypertrophy and increased intestinal weight in those puppies
provided with supplemental intravenous nutritionWilmore, Dudrick,
Daly and Vars (1971) corroborated these findings and further noted the
persistance of these changes one year after resection.

^

Wright, Poskitt, Cleveland and Hersovic (1968) showed ileal mucosal
hyperplasia after col ectomy

in the rat^ and Til son, Cleveland and Wright

*

20

(1969) demonstrated striking mucosal hyperplasia and villous hypertrophy
in defunctionalized self-emptying ileal segments after 50 percent proximal
small bowel resection.

Tilson and Wright (1970c) noted that hypertrophic

changes are more marked in functional small bowel segments, but corroborated
their presence in defunctionalized segments.^

Tilson (1972b) noted com¬

pensatory hypertrophy of intestinal villi distal to an obstructed anastomosis
in an infant with intestinal atresia who was maintained on intravenous
hyperalimentation following small bowel resection.
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The intraluminal nutrition theory fails to explain these previous
observations.

In the first place,one would not expect to find adaptive

changes and increased survival in animals maintained on intravenous nutrition
after small bowel resection.

Secondly, one would not expect colectomy to

alter the intraluminal milieu upstream and effect ileal hypertrophy.

Villous

hypertrophy in defunctionalized ileum or distal to an obstructed anastomosis
should not occur after small bowel resection.

Finally, the intraluminal

nutrition theory cannot adequately explain a greater degree of hypertrophy
98
of ileal villi over jejunal villi after mid-gut resection.'
In attempting to explain the striking differences in the villous mor¬
phology found by Gleeson, Cullen and Dowling (1972)^ in defunctional ized
bowel segments, and the findings of Tilson, Cleveland and Wright (1969)

8°

in self—emptying ileal remnants, it must be noted that Gleeson, et al used
Thiry-Vella fistulae and Tilson, et al utilized self-emptying ileal segments
attached to the caecum.

Although neither author emphasizes the possibility,

it must be kept in mind that changes in the bacterial flora could perhaps
account for the morphological differences that were found.
The final theory that involves intraluminal factors as possible
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determinants of villous hypertrophy was developed by Altmann in a series
of technically brilliant experiments.

Although it suffers to a large extent

from the same drawbacks as the intraluminal nutrition theory, it delves
deeper into important aspects of our understanding of functional and mor¬
phological intestinal adaptation.
Altmann and LeBlond (1970) postulated that the gradual decrease in
villous size from proximal to distal small bowel (with duodenal villous
size being three times greater than ileal villi, as determined by Atmann
and Enesco (1967)J is a reflection of villous enlarging and reducing
factors in intestinal chyme.

In analyzing the results of a series of

intestinal transpositions and by-passes, they suggest that the gradients
they measured in specific areas of the intestine after surgical manipulation,
were caused by a potent villous enlarging effect of pyloric and duodenal
secretions and a weak villous enlarging effect of jejunal chyme, since they
demonstrated villous size gradients within the hypertrophic responses created
by their experimental interventions.
a villous reducing effect.

o

Ileal chyme was postulated to have

In a follow-up study, Altmann (1971) transplanted

small segments of duodenum containing the duodenal papilla (the ampulla of
Vater equivalent in the rat) to the lower ileum, and to isolated ileal
segments.

He also diverted bile drainage from the duodenal papilla and

transplanted a duodenal papilla that only drained pancreatic secretions to
similar sites, and thirdly, he implanted only the bile duct into the distal
ileum and isolated ileal segments.

His results clearly demonstrated a stim¬

ulatory effect of pancreatic secretions on villous hypertrophy since there
resulted a gradient of compensatory hypertrophy that commenced at the sites
of duodenal papilla implantations, and diminished as one measured villous
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size further downstream from the sites of his transplants both in functional
and defunctionalized bowel segments.

A similar, although less potent effect

was demonstrated for biliary secretions.

Altmann concluded that in some

as yet undetermined fashion pancreatic and biliary secretions induced cellular
hyperplasia and villous hypertrophy.

Not only does this account for the

villous hypertrophy seen after intestinal transposition, but it raises
several other points of major concern.
Altough not satisfactorily explaining adaptive ileal changes after
resection downstream (i.e. colectomy), or the changes that have been
described in completely defunctionalized intestinal segments, the possibility
remains that hormone-like factors may be present in exocrine pancreatic
secretions and that these substances need to be acted upon by the small
bowel before they can exert their trophic effects, either locally only, or
after absorption by the bowel, systemically.
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Perhaps these secretions

cause the small bowel to in turn activate an intrinsic mechanism for
regulating its mass.

A third possibility is that villous hypertrophy

secondary to biliary and/or pancreatic secretions creates a selective
advantage for absorption of foodstuffs in the vicinity of the area where
they bathe the intestinal mucosa.

In this manner, the cellular hyperplasia

and villous hypertrophy would merely be morphological manifestations of an
increased digestive and absorptive capacity for the specific intestinal
segment, in a manner analogous to substrate induction of enzyme systems.
This could be postulated as the mechanism for the increased absorptive
function normally performed by the jejunum, since it has been shown that
bile acid salts (besides their solubilizing effects on dietary fats) affect
the function of digestive enzymes (both in an inhibitory'7^ and in a stimu-
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latory fashion).

Gastrointestinal motility and the secretion of intestinal

hormones is also affected by bile saltsJ0
Conflicting evidence is again presented by Tilson, Sweeney and Wriaht
(1973),^ who replicated the findings of compensatory ileal hypertrophy
after transposition, but also found significant ileal villous hypertrophy
after esophagoileostomy with diversion of duodenal, pancreaticobi1iary and
jejunal secretions to a cecostom.y.

They postulate that although an undeni¬

able effect on the morphologic characteristics of intestinal mucosa is
associated with these secretions, they can only be one contributory factor
in the process of induction of villous hypertrophy.
Because of the inconsistencies of intraluminal factor theories in
explaining the available data, Tilson, Sweeney and Wright (1973) and other
investigators^ have suggested that (hormonal) systemic factors must
undoubtedly play a role in the initiation of compensatory hypertrophy.

Hormonal Theories and the Functional Demand Hypothesis

"The hypothesis that growth is initiated by a feedback
mechanism programmed to respond to a need for increased
function is consistent with a broad variety of adaptive
biological phenomena." 94
Goss (1964) describes a number of such adaptive processes (in liver,
kidney and endocrine gland adaptive growth),^ and states that
"....it must follow that functional overload in the
absence of partial ablation should also initiate compen¬
satory growth responses....Conversely, if the loss of
tissue is not accompanied by extra functional burdens
on homologous organs, then the latter should not be
stimulated to grow." 94
Nowhere is this better demonstrated than in the adaptive growth
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responses of endocrine glands'^’^ since if the secretory products of a
gland are exogenously replaced there is no hypertrophy of the gland or hom¬
ologous counterparts after partial ablation, and atrophy of endocrine organs
has been demonstrated to occur in the absence of resection

or ablation by

replacement of the products of the gland.
Loran and Crocker (1963) were the first of numerous investigators to
suggest that an "intestinal epithelial growth hormone" could be responsible
for the changes in cell population dynamics (hyperplasia and increased cell
migration) they found in their studies of intestinal adaptation.

63
'

In

subsequent experimental work with parabiotic rats, Loran and Carbone (1968)
demonstrated the existence of cross-circulating factors that caused cellular
hyperplasia and villous hypertrophy in the intestine of the non-resected
member of the parabiotic rat preparationeven if the non-resected member
is not in cross-circulation with the resected member at the immediate time
of resection.

Tilson and Wright (1971c) also found villous hypertrophy in

parabiotic rat preparations.
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Porus (1965) had speculated that a humoral

mechanism might be responsible for the cellular hyperplasia he observed in
peroral intestinal biopsies of humans after massive small bowel resection.
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Such factors, however, have not been isolated at the present time.
Lansky, Dodd and Stahlgreen (1968) were unable to demonstrate cellular
hyperplasia using tritiated thymidine in dogs with small bowel resection
and doubted the possibility of the existence of an intestinal growth hormone.
The existence of such a factor, however, is instrumental in the understanding
of compensatory hypertrophy in isolated defunctionalized ileal segments,
since intraluminal factors cannot account for such an event unless one
postulates the effects of bacterial overgrowth.

Such a mechanism for the

54
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induction of adaptive growth can also explain ileal villous hypertrophy
after colectomy"*

and the adaptive changes noted in an infant with intes-

tinal atresia distal to an obstructed anastomosis.
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Moreover, it adequately

explains villous hypertrophy found after maintenance of experimental animals
on intravenous hyperalimentation.
A hormonal factor responsible for the induction of adaptive growth
might be released secondary to loss of intestinal tissue mass (self-requlation hypothesis) or might be the result of loss of an intestinal growth
inhibitor produced by the bowel itself.
and Kavanau (1957)

This was first proposed by Weiss

but fails to account for villous hypertrophy secondary

to segmental transposition and/or defunctionalization without loss of tissue
mass.
A vast number of hormonal effects have been demonstrated on intestinal
mucosa.

Friedman (1953) showed villous atrophy after hypophysectomy.^

Tutton and Helme (1973) found that adrenergic stimulation to the'bowel
shortened cell cycle times, and adrenergic blockade prolonged both cell
cycle and mitotic times.^

Helme, Tutton and Wonq (1973) found jejunal

crypt cell proliferation to be inhibited by surgical or chemical sympathectomy.
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These findings could be associated with Touloukian and Spencer s

(1972) discovery that ileal mucosal blood flow is significantly increased
after small bowel resection.^

Tutton (1973b) has proposed that noradrena¬

line is likely to be the mediator of intestinal crypt cell proliteration,
based on the effects of adrenalectomy on cell cycle and mitotic times.^
Tilson, Phillips and Wright (1971) found evidence of ileal cellular hyper¬
plasia and increased Na-K-ATPase activity in rats treated with deoxycortico/

sterone (DOCA), but not subjected to intestinal resection.

pc
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The gastrointestinal tract hormones have been shown to have numerous
effects on the tissues of and along the digestive system.

These effects

(see Table 3) have been found to have considerable overlap, and based on
the hormone interactions and structural similarities discovered after puri¬
fication of these substances was achieved.

Grossman (1970)^ postulated a

common receptor for gastrin, secretin, CCK and glucagon.

The hypothetical

receptor mechanism is based on a two-sided receptor with one site activated
by gastrin and CCK and the other by secretin and glucagon, with hormonal
interactions postulated on the basis of activation of one or both of the
receptor sites.

TABLE —LET

A catalog of actions of four hormones. The number in the body of the

table refer to literature citations listed at the end of the table. References selected
are examples, not necessarily the first report of the action. The symbols hare the
following meanings: t stimulates, l inhibits, O no effect, NT not tested.

Watcr-clcctrolyte secretion
Stomach
Pancreas
Liver
Brunner’s glands
Water-electrolyte absorption
Ileum
Gallbladder
Enzyme secretion
Stomach
Pancreas
Endocrine secretion
Secretin
Gastrin
Insulin
Glucagon
Smooth muscle
Lower esophageal sphincter
Stomach
Intestine
lleo-cecal sphincter
Gallbladder
Sphincter of Oddi
Uterus
Histamine metabolism
Release of histamin
Histidine decarboxylase
Amino acid uptake
Gastric mucosa
Pancreas
Growth
Gastric mucosa
Pancreas
Metabolic
Lipolysis
Glycogenolysis

GASTRIN

CCK

SE.CRI TIN

t1

t3l7

f9

t2

T'°

t3

T2
T3

t4

t4

t11
t4

l15
t16
f17

r

Is
O6

l8
I6

NT
NT

t1

t2

|l 2

T2

t2

o6

tt9
NT
t21
O21

NT
NT

GLUT
1 1 4

*1 3

O18
l'5

NT
I20

NT
NT

t2 1

T21

f 22

t2 1

O21

NT

NT

•l32

I33
NT

t2 4

t31
NT
t27
l28
NT

NT
l3S
l3b
NT
NT
i28
NT

t37

NT

T38

f 38

t39

NT

NT

t42.

t23
|24

T25
I26
t27

12S

j-4 0

f 30

t3 4

NT
NT
NT
O38

NT

NT
O42

N'l
NT
N1
NT '

NT

NT

NT

t43

d43

q41

a*1
o41

o41

a4'

t41

NT

|4 I
|4 1
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Among all the varied effects of these hormones, the finding of increased
amino acid uptake by gastrointestinal mucosa stimulated by gastrin^ resulted
in a large number of experimental manipulations that have made gastrin the
suspect trophic hormone of the gastrointestinal tract.
The primary physiologic effect of gastrin has been thought to be its
stimulation of gastric acid secretion.

Release of antral gastrin is stimu¬

lated by peptides and amino acids in the stomach, as well as gastric dis¬
tention.

Vagal cholinergic discharge and blood-borne calcium and epiniphrine

also result in antral release of gastrin.

Inhibition of release is the

result of a feedback mechanism by which gastric acid bathing the antral
mucosa shuts off its release of gastrin.

Blood-borne secretion and glucagon

have also been implicated in inhibition of gastrin release.

Significant

degradation of gastrin has been shown to occur in the small intestine, among
other tissues (most notably kidney)
Johnson (1973) points out that a number of conditions that have long
been associated with hyper and hypogastrinemia have associated hypertrophy
or atrophy of gastrointestinal tract tissues, and went on to show specific
trophic effects of exogenous gastrin in the gastrointestinal tract of the
rat.
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Further support for the role of gastrin as the trophic hormone of

the gastrointestinal tract comes from a number of investigators.

The

phenomenon of gastric acid hypersecretion following small bowel resection
has been well demonstrated by Landor and Baker (1964),33 Saunders, Buxton
and Bedi (1972),^ Ohashi (1972),^3 Klein and Winawer (1974),and Goldman,
et al

(1972) who noted gastric hypersecretion after small bowel resection,

but not after small bowel bypass.33

McGuigan, Landor and Wickbom (1974)

studied gastric secretion in dogs prior to and after small bowel resection.
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They demonstrated elevated post-prandial gastrins after small bowel resec¬
tion (with resultant gastric hypersecretion), which they interpreted to be
secondary to decreased small bowel metabolism of gastrin.
et al

Barros D'sa,

(1975) also demonstrated significantly elevated stimulated gastrin

levels after small bowel resection, and furthermore showed enhancement of
this effect by simultaneous pancreatectomy^ (perhaps because of the effects
of pancreatectomy on secretin levels, which in turn could decrease the
antagonistic effects of secretin on gastrin.)

Gastric hypersecretion could

account for the increasing evidence of duodenal ulcer seen in man after
40

small bowel resection.
Winborn, Seelig, Nakayama and Weser (1974) discovered cellular hyper¬
plasia of gastric glandular epithelium after small bowel resection in association with elevated gastrin levels and gastric hypersecretion.

Tilson

(1974) corroborated these findings and postulated that gastrin could play
a role in the initiation of compensatory hypertrophy of the gut.

9fi

The trophic effects of gastrin have been found to be independent of
gastric secretion and also to be antagonized by secretin.

This lends

credence to the evidence presented earlier of the enhancement of stimulated
gastrin levels by pancreatectomy.^
There are a number of investigations that show endogenous hypergastrinemia (as is associated with weaning in the rat), or exogenously admin¬
istered gastrin, to be intimately associated with increased DNA synthesis
by mucosal cells.49,60 as wen as increased gut wet weight/body weight,
RNA/body weight and protein/body weight ratios in rats. ~

Weaning in rats

is associated with the above intestinal changes,and antral gastrin (which
rises dramatically at the time of weaning) has been postulated to be the
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mediator of these events,

cq

since the morphological gut changes can be

prevented by prevention of weaning (and result in a non-elevation of gastrin
levels).

Finally, Johnson, et al

(1974)^ not only prevented the atrophy

of oxyntic gland mucosa associated with antrectomy by the administration of
exogenous gastrin, but in a similar fashion prevented generalized structural
and functional changes in the intestinal tract of rats maintained on total
intravenous hyperalimentation.

This is a highly significant finding because

it logically follows that the effect of peroral nutrition is the release
of antral gastrin.

A normal physiologic event can thus explain the findings

of mucosal hypertrophy associated with increased intraluminal nutrition (as
per hypothalamic hyperphagia, for example).^

The marked hypertrophic

response to small bowel resection in the rat could very well be related to
the continuous feeding habits of this ruminant, with continuous elevated
serum gastrin.

Hypothesis

If gastrin is the trophic hormone of the gut and is responsible for
induction of villous hypertrophy, then the creation of a hypergastrinemic
state in the rat (by antral exclusion from the feedback inhibition of its
contact with gastric acid) should result in an enhancement of compensatory
hypertrophy after small bowel resection.
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CHAPTER

III:

EXPERIMENTAL DATA

Procedure

Male Sprague-Dawley rats, weighing between 250 and 350 grams, were
divided into five experimental groups:
I.

Intact Controls

II.

SHAM

(N=6)

(N=5)

III. 50% Proximal Small Bowel Resection [SBR] (N=6)
IV.

50% SBR and Total Gastrectomy [SBR + G]

V.

50% SBR and Antral Exclusion [SBR +AE]

(N=8)
(N=7)

All animals were kept in wire cages and fed a standard pellet diet.
TABLE

IV

EXPERIMENTAL GROUPS
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Small bowel resection was performed following the procedure described
by Lambert (1965)^

with minor variations.

After induction of anesthesia .

by intraperitoneal Nembutal injection, (40 mg./Kg. of body weight) the
animal was weighed.

The abdomen was shaved and washed.

a midline incision, the small intestine and caecum is

Entering through
exposed and care¬

fully disentangled so as to avoid damage to the gut wall or the mesentery.
After placing the bowel in a saline soaked gauze outside the abdominal
cavity, the length of intestine to be resected is measured out and its
vascular supply is isolated by dividing the transparent mesentery to its
root in the avascular area between two intestinal arteries.

The marginal

artery at the mesenteric border of the bowel is then divided between two
silk ligatures.

The intestinal arteries of the segment to be resected are

then ligated at the root of the mesentery, divided, and finally the bowel
is resected.

Using this technique minimizes blood loss for this operation.

Intestinal continuity was re-established by end-to-end anastomosis using
00000 Dexon in six interrupted sutures.
closed.

The mesenteric defect was not

The animals were returned to their normal diet immediately after

surgery.
All animals in experimental groups, III, IV and V underwent resection
of 35 to 40 cm. of proximal small bowel.

Group II animals (SHAMS) were

subjected to laparotomy with division of the small intestine in one place
and re-anastomosis.

Small bowel resection was carried out in an identical

fashion for all three experimental groups with the exception that those
animals who were to undergo simultaneous gastric surgery were fasted over¬
night pre-operatively to ensure emptiness of the stomach at the time of
surgery.
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Total gastrectomy was carried out according to the procedure described
by Lambert (1965).^

Under Nembutal anesthesia the abdominal incision is

•

made in a similar fashion as for small bowel resection, but it is extended
superiorly to just below the xyphoid to ensure adequate exposure of the
stomach.
The stomach is mobilized by dividing the numerous avascular peritoneal
folds that link it to neighboring organs.

In mobilizing the greater

curvature, one must suture ligate and divide the short gastric branches of
the splenic artery that accompany the gastro-splenic ligament.

The omentum

is mobilized together with the greater curvature.
The remaining arterial supply to the stomach consists of the branches
of the right gastro-epiploic artery which enter the greater curvature of
the stomach from the pylorus, and the left gastric artery which enters the
cardia near the esophago-gastric junction.

These are divided between two

silk ligatures; care must be taken to preserve the arterial supply to the
omentum and the pancreatic branches of the right gastro-epiploic artery.
Once the left gastric artery is ligated, the stomach quickly becomes
cyanosed in appearance; it is excised by transecting the pyloric sphincter
(carefully avoiding the gastroduodenal vessels near its posterior surface),
and transecting at the level of the esophagogastric junction after running
a suture through the esophagus to avoid its retraction into the thorax.
The procedure for antral exclusion is similar, except care must be
taken to preserve the integrity of the vascular supply to the antrum.

It

is easy to determine where the antrum lies and glandular stomach ends
because of the yellowish appearance of the antrum (and once the stomach is
transected, by the smooth appearance of the antral mucosa).

After isolating
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the antrum, the pyloric sphincter was transected, and the excluded antrum
and transected pylorus were closed by approximately the mucosal edges with
two or three interrupted 00000 Dexon sutures.

The serosal coat was then

pulled over the mucosa and sutured in a likewise fashion.
Intestinal continuity both in total gastrectomy and antral exclusion
was re-established by end-to-side esophagojejunostomy.

An incision was

made in the anti-mesenteric border of the first loop of jejunum and the
anastomosis was performed using four or five interrupted 00000 Dexon sutures,
taking care to include the esophageal mucosa in the anastomosis.

Small

bowel resection was then performed in a similar fashion to Group III.
The animals who underwent total gastrectomy or antral exclusion were
maintained for 24 hours post-operatively on a liquid diet (5% Dextrose in
water), and were then fed the standard pellet diet.
The mortality for these two experimental groups was high.

The major

complications encountered were due to intra-operative blood loss and severe
post-operative diarrhea.

Several animals also died from what appeared at

post-mortem examination to be severe reflux esophagitis, with evidence of
leakage around the esophago-jejunostomy.

Sacrifice

After an overnight fast, all groups were sacrificed four hours after
intraperitoneal injection of 100 me of tritiated thymidine (H^-thymidine).
The animals were sacrificed under Nembutal anesthesia.
samples were obtained for measurements of serum qastrin.

Intracardiac blood
Biopsy specimens

were taken at 5 and 10 cm. proximal to the ileo-cecal valve, and at mid-
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transverse colon.

The biopsy specimens were fixed in formalin, sectioned

at 5 u and stained with hematoxylin and eosin.

The slides were coded to

avoid experimental bias in the measurements of the villi, from the base of
the crypt to the tip.

The measurements were done with an eyepiece micro¬

meter at 450 x magnification, taking the five tallest, most well oriented
villi from each section and utilizing the mean of these measurements as the
total villous heighth for each experimental animal.
Fasting serum gastrins were measured by radioimmunoassay done by
Bio Science Laboratories, California.

I.

Changes in Villous Heighth

Results - Table 4
Small Bowel Resection (SBR), Total
Gastrectomy + SBR, and Antral
Exclusion + SBR: Effect on the
Heighth of Ileal Villi (in u/10 t SEM)
5 rm
LQ an
Groups I and II
45.96 t 4.19
45.96 1 4.19
(controls)
Group III
(S.B.R.)

56.43

Group IV
(T.G. + S.B.R.)
Group V
(A.E. + S.B.R.)

t

t

8.50

54.92 + 5.52

60.00 t

5.64

67.13 ! 7.58

74.13 t 11.80

3.87

56.30
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A.

Groups I and II (Intact Controls and SHAMS):

Using the Student-t-test, there was no significant difference between
these two experimental groups, a finding which is consistent with previous
similar experiments in the field.

q

Mean villous heighth for these two

groups was found not to statistically differ at 5 and 10 cm. from the ileo¬
cecal val e, so the combined measurement for both groups was chosen as the
control value (45.96 u/10).

B.

Group III (Small Bowel Resection):.

After proximal small bowel resection, mean villous heighth did not
differ significantly at 5 and 10 cm. from the ileocecal val e, being measured
at 56 u/10.

This value did prove to be significantly increased over control

group measurements (Student-t-test), p<0.001, but did not differ from villous
heighth as measured for group IV (Total Gastrectomy and Small Bowel Resec¬
tion).

It was, however, significantly lower than the epithelial heighth

attained after antral exclusion with small bowel resection (Group V), p<0.001
at both 5 and 10 cm. from the ileocecal val e.

C.

Group IV (Total Gastrectomy and Small Bowel Resection):

Mean total villous heighth at 5 cm. (54.92 u/10) and 10 cm. (60 u/10)
was significantly increased over control values (p(0.O01) but did not differ
from the measurements obtained for Group III (small bowel resection only).
Statistically significant differences were found between groups IV and V
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both at 5 cm. (p^O.OOl)and 10 cm. (p(0.05) proximal to the ileocecal valve.

D.

Group V (Antral Exclusion and Small Bowel Resection):

The mean total villous heighth for this group showed striking increases
above all other experimental groups, both at 5 and 10 cm. from the ileocecal
valve (67.13 u/10 and 74.13 u/10); the values for p by the Student-t-test
ranging from p<0.001 to p<0.05.

The results are summarized in Table 5.
The morphological changes are illustrated by Figures 6-9, showing
the striking enhancement of villous hypertrophy caused by antral exclusion.
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Fig. 6

SHAM

Fig. 7

SBR
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II.

Serum Gastrin

Fasting blood samples obtained at the time of sacrifice were analyzed
by radioimmunoassay for gastrin levels.

TABLE

VI

600

The results are summarized below.
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The precise measurements obtained were the following:

Table 7
Group

Results in Pg/ml t SEM

t

SHAM Controls (II)

606

66

S.B.R. (Ill)

620 1 60

S.B.R. + T.G. (IV)

116 t 10

S.B.R. + A.E. (V)

341 t 59

Although antral exclusion (Group V) markedly enhanced villous hyper¬
trophy, it was not accompanied by elevated fasting serum gastrin levels.
It is apparent that small bowel resection only (Group III) had a signifi¬
cantly higher serum gastrin level, but which was nevertheless not signifi¬
cantly different from SHAM control values (Group II).

It should also be

noted that compensatory hypertrophy was found to occur in Group IV in the
absence of elevated fasting serum gastrin levels.

CHAPTER IV:

DISCUSSION AND CONCLUSIONS:

A COMBINED THEORY

The experimental data does not corroborate the finding of elevated
serum gastrin after small bowel resection, as reported by McGuigan, et al
(1974)58 ancj a-jso by Barros D'sa (1975),^
of this effect by pancreatectomy.

who further noted an enhancement

One would expect total gastrectomy

(Group IV) to result in lowered serum gastrin levels, as was found, but
if the trophic changes in the bowel after resection are mediated by gastrin
this group of experimental animals should not develOD as much compensatory
hypertrophy as sham controls (Group II) who were found to have elevated
gastrin levels.

Secondly, it is difficult to explain the marked enhancement

of compensatory bowel hypertrophy exhibited by Group V (antral exclusion)
in the absence of the elevated gastrin levels which one would theoretically
expect from this preparation.

It can be postulated that fasting serum

gastrins do not reflect the marked elevations reported by McGuiqan, et al
(1974) and Barros D'sa (1975) using post-prandial gastrin levels, but that
this experimental preparation (Group V) would show a superior elevation of
serum gastrin levels after stimulation of gastrin release.

A minor possi¬

bility is that the marked comDensatory hypertrophy exhibited by Grouo V
resulted in functional adaptation in gastrin catabolism.

After a 12-hour

fast the circulating gastrin would not adequately represent the normal
physiologic state of this preparation, since by the ruminant nature of the
experimental animal there would be a theoretical, sustained, uninhibited
gastrin release.
There can be no doubt as to the trophic effects of gastrin on the
small intestine, as noted by Lichtenberger, et al (1974)60 and Johnson, et al
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(1974),

who further demonstrated an antagonistic effect of secretin on

the trophic effects of gastrin, independent of either's effects on qastric
secretion.
tectomy.

Furthermore, this antagonistic effect is abolished by pancrea¬
Another possible explanation of the experimental findings is

based on this hormonal antagonism, which would theoretically be more marked
in Group V (antral exclusion).

It was noted earlier that the high rate of

post-operative mortality in this group was due to massive diarrhea.

Since

a mechanism of gastric hypersecretion could not have been operative in
these animals (who were surgically deprived of the secretory portion of
their stomach) the hypersecretory state causing the diarrhea could theore¬
tically be caused by increased pancreaticobi1iary secretions secondary to
secretin release.

The induction of villous hypertrophy would then be

mediated by the villus enlarging effects of pancreatic secretions, as was
postulated by Altmann (1971).3
It must be concluded, however, based on the experimental data obtained,
that antral gastrin is not an absolute requirement for comoensatory hyper¬
trophy of the gut.

A possible mechanism for the enhancement of compensatory

hypertrophy by antral exclusion necessitates postulating a combined theory
whereby hormonal and endogenous intestinal secretions are responsible for
the induction of compensatory hypertronhy of the gut.
This combined theory must incorporate both the undeniable villous
enlarging effects of endogenous intestinal secretions - most notably those
of the pancreas - as well as the trophic effects demonstrated by gastrin
on tissues of the gastrointestinal tract.
It can be postulated that under normal physiologic conditions the
structural characteristies of the bowel are under dual control.

There is
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a balanced rate of gastrin release and bowel catabolism as well as a specific
rate of pancreatobiliary secretions

(which may be responsible for the

villous size gradient normally found from proximal to distal intestine).
Pancreatic and biliary secretions are in turn influenced by hormonal stimuli
from CCK and secretin, which have been postulated to act on the same receptor
site as gastrin (Grossman, 1970)?®

The competitive and noncompetitive

augmentation, as well as inhibition of these hormones, could very well be
the controlling mechanism of intestinal structure.

This system can be

easily influenced by factors affecting the release of these hormones, such
as starvation or hyperphagia, with their associated small bowel atrophy or
hypertrophy which is closely correlated with the release of gastrin for
example.

Among the factors inhibiting gastrin release is secretin, which at

the same time affects the rate and quality of pancreatic secretions.

In

ways that are not very well understood at the present time, the normal
structural characteristics of the small intestine are mediated by these
hormones, both in a direct fashion as well as through their effects on
endogenous intestinal secretions.
Small bowel resection results in decreased intestinal catabolism of
gastrin as well as elevated post-prandial gastrin levels (which would induce
a pleiotypic response in small bowel mucosa) and would also increase the
absolute concentration of endogenous intestinal secretions reachinq the
distal bowel.

It has been shown that both factors independently have a

direct effect on intestinal structure; future experimental work in the field
must be directed at elucidating the exact mechanisms whereby hormonal and
intraluminal factors interact in this respect.
One such experimental design would incorporate some of the manipulations
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previously done by Altmann^

in diverting pancreaticobi1iary secretions,

as well as attempting to create a state of relative hypergastrinemia (by
antral exclusion) or h.ypogastrinemia (by gastrectomy).

Experimental animals

subjected to small bowel resection and antral exclusion, together with
diversion of pancreaticobiliary secretions, would be expected to demonstrate
differential amounts of villous hypertrophy in those intestinal remnants
receiving both the circulating hormonal stimulus of gastrin as well as the
intraluminal stimulation of pancreaticobiliary secretions.

In this manner

a better understanding of the relative importance of each of these factors
could be achieved.
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